Abstract
INTRODUCTION
This paper evaluates whether conditions placed on U.S. Federal funding of human embryonic stem cell (hESC) research by the August 2001 policy decision of the Bush administration influenced the level of U.S. hESC scientific activity and the U.S. position at the knowledge frontier. We assess the strategic response of U.S. scientists to this policy intervention, specifically examining changes in levels of U.S. research as well as patterns of international collaboration and research output by high-and low-status universities.
Taking advantage of recent advances in the use of difference-in-differences methods for science policy evaluation, our analysis employs a citation-based approach to establish the causal impact of the 2001 hESC policy decision. Our paper thus makes three contributions. First, we provide direct evidence regarding a key policy question: What was the impact of the 2001 stem cell policy decision on the evolution of hESC research in the United States and abroad? Second, we address a more general question of both theoretical and policy interest: How does the targeted funding of research influence the direction and evolution of scientific research? Third, our analysis offers a primer regarding the opportunities and challenges associated with a citation-based difference-in-differences approach to science policy analysis.
Our analysis is motivated by a central question in science policy: How do conditions on scientific funding matter for scientific progress? On the one hand, a long tradition in science policy emphasizes that the evolution of particular research fields or disciplines is guided by the internal logic of cumulative discovery and the social structure and norms of scientific communities (Dasgupta & David, 1994; Kuhn, 1962; Merton, 1973) . At the same time, funders-from governments to foundations to corporations-have long attempted to shape the direction of scientific progress by conditioning funding on particular research approaches or directions (Dasgutpa & David, 1994; Fuchs, 2009 Fuchs, , 2009 ; and see Gans & Murray, 2012 for a recent review). While the aggregate long-term level of funding for a broad field matters (Adams & Griliches, 1996; Stephan, 1996) , there is much less evidence as to the impact of specific conditions attached to funding on the evolution of a scientific field. Many limitations on scientific funding are developed in conjunction with the scientific community (e.g., rules regarding informed consent) and other policies are imposed on the scientific community based on the politics or preferences of funders. In this latter case, the intended impact of targeted funding may be mitigated to a significant extent through strategic behavior on the part of scientists (Aghion, Dewatripont, & Stein, 2008; Gans & Murray, 2012; Murray, 2010) . The possibility of strategic behavior undermining the intent of targeted funding (or restrictions on funding) is likely to be most salient in settings where the focal scientific agenda is considered to be "hot" by the scientific community, when alternative sources of funding may be available, and when scientists largely disagree with the rationale for the funding policy. The key objective of this paper is to evaluate the impact of science policy funding conditions in precisely such a circumstance.
We specifically examine the impact of the 2001 Bush administration hESC policy on cumulative research that built on the hESC research breakthroughs taking place from 1998 through 2001. This is not the first project to examine the impact of hESC policy (see Levine, 2005; Owen-Smith & McCormick, 2006, among others) . However, our approach is distinct from prior work in developing a citation-based science policy evaluation approach that identifies the precise causal linkage between the U.S. policy and the evolution of subsequent scientific research. Our approach builds on citation-based evaluative tools for the "Science of Science and Innovation Policy" (Furman & Stern, 2010; Murray & Stern, 2007; Murray et al., 2011) .
Our citation-based approach combines three distinct elements. First, rather than using the count of publications to trace out activities in hESC research in general, we develop a dataset of core hESC publications based on a report produced by the NIH (2001) and then trace out the entire set of forward citations to these articles. Second, we develop a comparison group of papers that were unaffected by the hESC policy in order to construct a well-defined group of control articles, allowing us to observe how citations to a similar population of scientific papers evolved over time. Such observations enable us to develop a counterfactual estimate of how the citations to the hESC articles would have evolved absent the policy intervention. While we experiment with several control groups, we focus primarily on a group of seminal research papers in the area of RNA interference (RNAi), a contemporaneous life sciences breakthrough not directly affected by the hESC intervention.
1 By comparing the evolution of hESC citations to those from a control group, we are able to dating back at least to the work of physicist and historian of science Derek de Solla Price (1963, 1965) . Bibliometric analysis has tended to focus on how different policies shape the overall scientific landscape or channel research efforts into one domain over another. In practice, this type of exercise has been done by counting publications (or patents) associated with particular keywords, topics, journals, institutions, or countries. This approach has been used to assess a wide variety of policy questions, including the role of national institutions on scientific productivity (de Solla Price, 1967) , the impact of organizational structures and incentives on scientist activity (Levin & Stephan, 1991) , or the interrelationships among patenting and publication by academic scientists (Azoulay, Waverly, & Stuart, 2007; Ding, Murray, & Stuart, 2006) .
Our approach builds on this earlier work, but leverages the means by which scientists document the processes of step-by-step cumulative scientific discovery and acknowledge the work of those upon whom they build. Specifically, scientific citation and scientific priority are fundamental norms of open science (de Solla Price, 1963; Garfield, 1955; Merton, 1973 ) that we can use to track the rate and direction of particular scientific research lines. While citations are a highly imperfect (and noisy) tool for tracking the evolution of particular research lines, the act of referencing prior work is a pervasive scientific norm (with potential professional consequences if not followed) that delimits the contribution of any particular followon paper. In other words, given the norms and practices of a particular scientific area, scientists have incentives to cite the direct work that their discoveries build upon, but have few incentives to engage in gratuitous citation beyond the norms expected by the scientific community. Not simply a measurement tool, the use of a citation-based approach allows us to document the process of step-by-step cumulative scientific discovery that has been at the heart of modern treatments of scientific and technical progress in economics and the history of science (among others, Aghion, Dewatripont, & Stein, 2008; Aghion & Howitt, 1992; Mokyr, 2002; Murray et al., 2011; Romer, 1990; Scotchmer, 1991) . While citations may sometimes indicate that the prior research is directly being built upon, and in other cases serve to highlight the broad outlines of a field, our approach exploits both types of references to capture how research conducted prior to a policy intervention informs and shapes research activity after the policy intervention. Our objective is to leverage citation data in order to be able to infer the impact of particular policies-such as the 2001 stem cell decision-on the structure and composition of follow-on scientific research citations.
To identify the causal impact of particular policies on the level and structure of follow-on research as measured through citations, we must not simply measure the change in the level of citations over time (e.g., before vs. after the policy), but must also address what we would have anticipated the citation level and structure to be at any point in time in the absence of the policy shift we seek to evaluate. Thus, the second notable difference between this approach and typical bibliometric approaches is that we employ citation analysis with the aim of identifying the precise causal influence of science policy on cumulative research lines. Here, we draw on advances in the program evaluation literature (Angrist & Krueger, 2001; Imbens & Wooldridge, 2009 ) where the aim is to draw causal inference about the impact of specific programs or policy environments by looking at exogenous shocks to those programs for a particular population while also tracking the behavior of a control group of individuals who would be expected to follow a similar evolution, but are unaffected by the program change. In other words, the core idea behind our citation-based approach is to evaluate how the evolution of particular research lines changes with changes in the institutional or policy environment. To do so, we will take advantage of how the level and structure of citations to a group of core articles related to the research line change before and after the policy shift, and we will compare that change to the group of citations to those of control articles that are expected to have a similar evolution over time, but are unaffected by the focal policy shift. The remainder of this section outlines this approach in detail.
Key Stages in the Application of Citation-Based Evaluation
It is useful to begin our analysis by considering how we would evaluate science policy changes in an ideal experimental setting. In such a setting, a researcher would use citation patterns to identify the causal impact of science policy on scientific progress by assigning knowledge to multiple distinctive policy environments and then compare citation patterns under each policy regime. Almost by construction, however, the ability to conduct classical experiments interrogating the process of scientific discovery is extremely limited because of the uniqueness of different scientific trajectories. Absent such controls, the effort to assess the causal influence of policy environments on scientific progress is beset by a fundamental inference problem. Specifically, it is difficult to isolate the impact of a policy (or program) from the (often highly distinctive) characteristics of knowledge that is impacted by the policy. For example, the observation that researchers who receive more longterm unrestricted funding undertake high levels of research or more risky research is hard to interpret in a causal sense. On the one hand, it could imply that funding conditions cause distinctive research trajectories (a treatment effect). On the other, this empirical finding might simply reflect the fact that researchers attracted to unrestricted funds tend to pursue more risky projects (a selection effect) (Azoulay, Graff-Zivin, & Manso, 2011) .
Our citation-based approach combines four interrelated elements in order to overcome this fundamental inference problem. First, it requires that a policy intervention (or shock) has the potential to affect the future cumulative trajectory of knowledge in specific and well-defined research areas. For example, the retraction of research papers constitutes an intervention (at the journal level not the policy level) that is intended to influence a specific research trajectory (i.e., it aims to inhibit knowledge accumulation based on research acknowledge to be false) (Furman, Jensen, & Murray, 2012) . A shock that is ideal from a research standpoint should have a number of characteristics. In order to be worthy of research attention, a shock should either shed light on an important theoretical issue or have a potentially important impact on cumulative research. Another critical element in the effective application of the citation-based approach is that the policy shock be exogenous, that is, unanticipated by the research community it affects: By comparing the patterns of knowledge accumulation before and after an exogenous policy intervention, investigators can more plausibly measure the causal impact of the intervention on scientific progress. If the intervention were anticipated by the research community, then it would be impossible to disentangle with certainty whether research behaviors were changing because of the policy or whether changing research behaviors augur the policy's arrival. It would be ideal if the timing of a shock were unambiguous in its onset, as this would enable science policy evaluation to clearly note the pre-and postshock periods and, thus, compare research outcomes before and after the shock takes effect. The ideal shock would have an impact that is extremely precise and can be easily observed in follow-on research. If either the timing of the shock or the research community affected by the shock is imprecise, the interpretation of observed results will be unclear. For example, if a shock were to apply to a range of research areas rather than a single area, it would be difficult to definitively track the impact of the shock on follow-on research. Finally, for identification purposes, it would also be helpful if the shock were to affect different units of knowledge at different times. This is not necessary, but can be helpful, as this would enable the econometric analysis to separately identify the impact of the shock from the impact of the time period in which it occurred. For example, if a policy is implemented during a particular presidential administration, it may be difficult to disentangle whether the policy intervention or other factors associated with the presidential administration led to the observed outcomes.
In addition to requiring a shock of the type described above, the second element of the citation-based approach involves pairing the treated research area (i.e., the research area hypothesized to be influenced by the policy shift) with a similar research area that is not affected by the policy intervention and whose pattern of knowledge accumulation can generate a counterfactual estimate of the way in which research would have progressed in the absence of the policy intervention. In order for the control group to generate a counterfactual estimate of the pattern of scientific progress that would have occurred had the policy intervention not occurred, a number of criteria must be satisfied: (1) the control group should not be affected by policy shock, (2) it must have features similar to that of treated group prior to shock, and (3) postshock patterns must be expected to reflect patterns that would have occurred in treatment group in the event that treatment did not occur. In other words, a control group is sought that is similar on observable characteristics, but is thought not to be impacted by the policy intervention (treatment). The appropriateness of the control group can be evaluated by comparing bibliometric features; however, it is also essential to have a qualitative understanding of the control group in order to understand the appropriateness of the match. It is particularly helpful to talk to scientists in the treated research community to ascertain appropriate control areas of research as well as those in the control community. The unexpected coupling among research areas can be problematic when establishing an appropriate control group.
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Following the determination of a treatment and control research areas, the third element in the analysis follows naturally: identifying a set of core research articles that define a body of knowledge (in both the treatment and control groups) in the period prior to the policy intervention. For example, to explore knowledge trajectories associated with transgenic mice, we use a comprehensive database called Mouse Genetics Informatics to help match specific research mice to the publications that disclosed information regarding the development and breeding of particular mouse model (Murray et al., 2011) . The treatment group in this project included a set of research mice over which intellectual property rights changed during the observation period; the control group included a set of mouse models used similarly beforehand that were not affected by the shift in IP rights.
To measure knowledge accumulation along particular research lines, we track citations to the set of core research papers and interpret forward citations to these articles as evidence of knowledge accumulation along the chosen research line. We acknowledge that citations are noisy measures; however, our interpretation of forward citations in this manner relies on the fact that (a) core published papers are produced at a specific and measurable point in time and (b) the way they are used 2 In several papers including this one, we consider a particular type of control group that we refer to as "nearest neighbors" (see Furman & Stern, 2011; Furman, Jensen, & Murray, 2011) . Nearest neighbor articles are defined as the next paper published in the journal (in chronological order) that is not affected by the particular treatment (e.g., a paper that is not associated with research materials or a paper that is not retracted). These neighboring papers can, in some designs, provide a useful match because they meet similar journal quality standards, are of the same age, and are generally in the same broad subject area. If the analysis requires an extremely close match in topic space between the treated and control groups, nearest neighbor articles may be a poor match when the sample includes general interest journals, like Science, in which articles in physics may occupy space next to articles in very different fields, like biology or social science.
by follow-on researchers can be captured and measured in citations with the norms of citation neither explicitly changing over time, nor being shifted by the policy. 3 Here, too, a detailed understanding of the phenomenon, supported by qualitative research, can be extremely helpful. To date, we have found a high fidelity match between core papers and follow-on knowledge accumulation in instances where important research materials are developed and disclosed in the core papers. For example, to trace the way in which knowledge associated with particular life science research materials accumulates, we (a) match individual research materials to the scientific publications that first identify and describe the characteristics of those materials and (b) track forward citations to the those reference articles (Furman & Stern, 2011) . By identifying research areas where the cumulative follow-on research trajectory builds on key knowledge disclosed in core publications, and by closely tracing out the citation relationships between the follow-on research and the core publications, we are able to leverage the widespread availability of citation data to evaluate the impact of science policy decisions.
With an exogenous policy intervention identified, mapped to both a treatment and control set of research areas and linked to a set of original reference articles and forward citations (reflecting knowledge accumulation along their research trajectories), causal analysis can proceed. This is typically accomplished using econometric difference-in-differences techniques (although insights can also often be gained from graphical approaches). In this framework, the annual count of forward citations to each core research article (treated and controls) is estimated, subject to year, article age, and article fixed effects. In order to ensure that these are separately identified, it is necessary to have variation in article cohort age, as year and age effects will not be identified if all articles are published in the same year. The inability to isolate these effects on follow-on citations will reduce the ability to identify the main effect of interest. It is also ideal, though not always possible, if the policy intervention were implemented at different times for different articles in the affected research line. This is helpful for identifying the impact of the intervention separately from the impact of factors associated with particular points in time, represented econometrically by calendar year fixed effects. For example, the impact of retraction on follow-on research can be identified separately from calendar year fixed effects, as various articles are retracted in different calendar years. For policies implemented at a specific point in time, however, this identification strategy faces a more severe challenge.
Citation-based science policy evaluation involves the estimation of difference-indifferences models, most often using a count with fixed effects (or conditional fixed effects) for each article, which adjust for the fact that different articles have different propensities to generate follow-on research. 4 The models are often estimated using a negative binomial model because annual citation data are skewed to the right and overdispersed relative to Poisson. In addition, the rate of citation to a given piece of research will vary with the calendar year and with the time elapsed since initial publication. A key variable in the analysis is the 1/0 policy shock variable, which effectively switches the policy on and off in any given calendar year. In order to interpret a significant result for this variable as a statement that the policy intervention caused changes in the patterns of follow-on research subsequent to the policy intervention, it is important to reiterate that (a) the changes observed following the policy shift did not begin to occur prior to the intervention and (b) the research trajectory considered to be affected by the policy shift (the treatment group) can be usefully compared to a similar research area that is not affected by the policy intervention. This will enable the researcher to identify the counterfactual, that is, the estimate of how the treated research line would have developed had the policy intervention not occurred (Imbens & Wooldridge, 2009 ).
Citation-Based Science Policy Evaluation vs. Other Approaches
The citation-based approach to science policy evaluation will be possible when each of the elements articulated above is present. This approach offers some advantages (and disadvantages) relative to publication-based (or keyword) approaches more typically used when asking whether and how a policy change (or a change in the institutional environment) impacts the evolution of a stream of cumulative research. It is therefore critical for researchers to determine the most appropriate application of each method.
The approach can be particularly insightful when there is a tight linkage between specific reference articles and follow-on research. We believe that these linkages are relatively strong in our earlier work on access to biological materials (Furman & Stern, 2011) and research mice (Murray et al., 2011) . With regards to our analysis of the stem cell policy, we make the claim that at least with respect to the core research produced prior to the policy shock, any follow-on research article in this area would, almost by definition, cite at least one (or more) of the reference research articles that were published prior to the policy shock. Indeed, the strong materiality of the hESC field is at once the source of the controversy and an indicator of its suitability for application to the stem cell setting. Of course, even in cases with a weaker link to forward citations, our approach is salient to the extent that both treatment and control groups operate under similar institutional norms for citations. For example, in our analysis of the impact of retractions on knowledge accumulation, both the retracted and nonretracted research are likely to be subject to similar (albeit less powerful) citation norms.
Our methods will be less powerful (and could even be biased) if there is a change to the linkage between follow-on research and a core set of research articles. For example, if the policies of interest actually changed the nature of what was cited (for the reference articles but not for the controls), it is possible that one could misinterpret a change in citation behavior as a substantive shift in research output rather than simply a shift in citation practices. To give one example, one must be careful in evaluating the role of different information technology tools on scholarly publication, as these tools are not simply changing the availability of prior research, but also the practices and norms of citation behavior itself. Likewise, if one were to believe that in the area of hESC research, citation practices were strategically changed in the postpolicy period to avoid the attention of funders (rather than lower citations being a reflection of lower knowledge accumulation) then the use of citation-based approaches would be less applicable.
A number of additional cautions should be issued in applying the citations-based approach. While the identification of policy shocks and control groups is straightforward in principle, they are in practice often quite difficult. The citation-based approach we describe here is less helpful for evaluating general policies that affect overall knowledge production than it is for investigating more narrowly crafted shocks expected to affect specific areas of inquiry. In this setting, the policy would not likely influence specific research lines over others, thus rendering a publicationbased approach more suitable. In addition, if a policy shock is likely to move researchers' preferences entirely out of a particular research line and into a different (related or unrelated) area, then the publication-based approach would be more suitable. Moreover, as noted above, researchers must carefully establish that a policy shock is truly unanticipated in order for its impact on research trajectories to be estimated. If the shock were anticipated by the research community or were induced by changes in the nature of scientific progress, then we could not know for certain whether the policy shift caused the subsequent change in knowledge accumulation, whether the postintervention patterns simultaneously influenced and were influenced by the policy shift, or whether the postintervention patterns preceded the policy and, thus, any statistical findings attributing postintervention patterns of knowledge accumulation to the intervention would be specious. Thus, identifying appropriate science policy interventions can be challenging. Finally, beyond whether a policy is exogenous, and perhaps most salient for our analysis of the hESC policy, it is critical to examine the likely ways in which a particular policy will change researchers' incentives and interests in specific research lines over others. Absent such an understanding, an interpretation of the impact of the policy is extremely challenging.
HESCs: SCIENCE, POLICY, AND EVALUATIVE APPROACH
We now turn to the specific setting in which we implement our citation-based approach. We first examine the specific nature of the U.S. stem cell policy intervention and its likely impact on the willingness of researchers to pursue research building on the hESC breakthroughs that arose in the late 1990s. We pay particular attention to whether or not the policy setting is appropriate to our citation-based evaluative approach, particularly highlighting the unexpected nature of the policy change, its influence on follow-on research that builds on the initial hESC discoveries and the opportunities for follow-on researchers to seek resources from sources beyond the U.S. Federal government.
hESC Scientific Breakthrough
In 1998, James Thomson from the University of Wisconsin and his colleagues published an unexpected scientific breakthrough in leading journal Science-the first isolation of hESCs. 5, 6 Thomson's publication came 17 years after Evans, Kaufman, and Martin reported the first isolation of mouse embryonic stem cells (Evans & Kaufman, 1981; Martin, 1981) . Although Thomson's lab at Wisconsin had been able to isolate monkey embryonic stem cells two years earlier in 1996, their work with human cells came as a surprise to many scientists and scientific observers. Unlike some other advances, the scientific importance of hESCs was recognized immediately: hESCs were acknowledged both as a critical new research tool for basic research in embryology and as a gateway for applied research that could lead to novel therapies (Murray, 2007) . This dual contribution in basic and applied research positioned the research squarely in Pasteur's Quadrant (Stokes, 1997) . Indeed, Science hailed the work as a "Breakthrough of the Year" in January 1999. The intense interest in stem cells was (and remains) grounded in the fact that "a stem cell is a special kind of cell that has a unique capacity to renew itself and to give rise to specialized cell types. Although most cells of the body, such as heart cells or skin cells, are committed to conducting a specific function, a stem cell is uncommitted and remains uncommitted, until it receives a signal to develop into a specialized cell. Their proliferative capacity combined with the ability to become specialized makes stem cells unique (emphasis added)" (NIH, 2001 , p. ES-1). Thus, both the scientific and medical promise of stem cell research derives from its potential to develop multiple types of cells. The potential of hESCs as a basis for human therapeutics was also the basis of their controversy-they were derived from human cells and, unlike other forms of adult stem cells, they were derived from embryos. The distinction between adult stem cells and embryonic stem cells is central to the hESC debate and to our analysis of the impact of the policy on follow-on research:
An adult stem cell is an undifferentiated cell that is found in a differentiated (specialized) tissue in the adult, such as blood. It can yield the specialized cell types of the tissue from which it originated (and) can renew itself (NIH, 2001, p. ES-1) .
In other words, while it can be transformed into a number of differentiated cell types, it cannot give rise to all types of specialized cells. By contrast, embryonic stem cells are derived from embryos and are pluripotent; unlike adult stem cells, they can develop into any of the over 200 cell types in the body. Therefore, as of the late 1990s and 2000s, leading scientists regarded embryonic stem cells as holding more promise as research tools and as medical therapies because of their greater ability to differentiate leading to considerable interest in and attention on embryonic stem cell research in general. What made the Thomson breakthrough particularly significant and controversial was its heralding of the ability to isolate and manipulate embryonic stem cells from humans rather than from other sources, such as mice or monkeys, a step of great significance from a medical perspective and a step that many regarded as likely to form the basis of important follow-on research building on Thomson's results and materials.
Thomson was not entirely alone in focusing attention on hESCs: During the late 1990s, hESC research was taking place in a very small number of international laboratories. Aside from Thomson's laboratory in Wisconsin, leading researchers included a small group in Israel, Australia, and the United Kingdom. Perhaps not surprisingly, these groups are not entirely independent of one another. Thomson had a long running collaboration with Israeli scientist Joseph Itzkowitz-Eldor, who, in turn, coauthored a series of hESC papers with Nissim Benvenisty. In Australia, Pera and Trounson worked closely and collaborated with Bongso in Singapore. Indeed, the United States, Israel, England, and Canada are the only countries associated with the reprint authors of the core hESC research articles listed as seminal in hESC prior to 2001 (see Table 1 , Panel C).
Whether building on the research of Thomson or other seminal papers in the field by international scholars, U.S. researchers had to determine whether the policy Note that reprint author addresses are not available for all papers.
c Table omits countries with fewer than two RP authors on OSC papers and fewer than eight RP authors on nearest neighbor root articles.
context would allow them to pursue hESC research and provide funding for their ongoing research.
U.S. Stem Cell Policy Context: 1970 to 2001
In the decade prior to Thomson's work, there had been considerable debate over the appropriate levels of support for research on human embryos, which were necessary for the isolation of hESCs. Beginning in 1973, U.S. government policies prohibited federal funding from supporting research on fetuses, embryos, and tissues associated with either. These restrictions did not, however, impose bans on private sector or privately funded research (Wertz, 2002) . 7 What followed was a period with significant policy uncertainty. In 1993, the Democratic-majority Congress passed the National Institutes of Health Revitalization Act, which would have enabled the NIH to distribute funds for research on human embryos. In interpreting the act, the Clinton administration offered partial support for research on human embryos, but prohibited the NIH from funding experiments that would create embryos exclusively for research purposes. In 1995, however, the Republican-majority Congress passed the more restrictive Dickey-Wicker Amendment, which expressly prohibited federal funding for research in which human embryos were either created or destroyed. This limitation essentially precluded federal support for research on in vitro fertilization, which generally creates more embryos than are actually used in fertility treatment, and hence implicitly for hESC research, although this was considered a legal gray area. It was in this context that Thomson himself had received and used corporate funding from the biotechnology company Geron to support his research on hESC isolation.
In the two years following Thomson's breakthrough (which were also the final two years of the Clinton administration), the policy environment became significantly more inclined toward federal support for hESC research. In August 2000, only a few months before the Bush vs. Gore presidential election, the NIH published guidelines enabling federal funding for research using existing cell lines, and it solicited proposals for future research, which it intended to adjudicate in March 2001. 8 Although the prior few years had involved a substantial gathering of momentum for supporting hESC research, the presidential election led scientists to be uncertain about the policy context they would find in 2001. There were sharp contrasts in the candidates' policy proposals. A closely fought election and contentious outcome, which ultimately resulted in President George Bush as the Republican president continued to fuel the uncertainty. Thus, the United States began 2001 amidst a contentious public debate and an evolving, uncertain policy environment with respect to hESC research.
As the Bush presidency began, the scientific community actively touted the prospective value of hESC research and remained hopeful about the prospects for large-scale funding. President Bush therefore initiated an official review of policy 7 In the late 1980s, both the National Institutes of Health (NIH) and Congress became more sympathetic to the prospect of using government funding for research on human embryos. Although the NIH's Human Fetal Tissue Transplantation Research Panel voted overwhelmingly in favor of support for funding research involving fetal tissue and human embryos, the Department of Health and Human Services (DHHS) Secretary Louis Sullivan rejected the panel's recommendation and extended the ban on such funding (Wertz, 2002) . 8 The Clinton administration's reversal was based on an opinion provided by Harriett Rabb, then General Counsel at the DHHS, to Harold Varmus, then Director of the NIH, in which Rabb concluded that funding research using hESCs that were not derived with federal funds would not violate the Dickey Amendment because hESCs do not meet the definition of embryos (H. Rabb, personal communication, 1999; NIH, 1999) . The NIH issued its report, "Stem Cells: Scientific Progress and Future Research Directions," later that year, in June 2001 (in a following section we outline how we will use the research articles described in this document as the source of the core articles describing breakthrough knowledge of hESC in the period prior to the policy intervention).
In August 2001, President Bush introduced his administration's policy. It was met with considerable surprise in the U.S. media and by many scientists. 9 The announced policy involved compromise between opposing viewpoints. Specifically, the announced policy neither involved a full ban on hESC research, nor provided unrestricted funding for hESC research. Instead, the policy offered federal support for hESC research, subject to conditions on research materials. The policy included three features that are notable for our current project: The policy (1) enabled federal funding for research on the set of human embryonic cell lines that were already existed at the time of the policy (including cell lines that were reported in the breakthrough work of Thomson and others outside the United States, such as those developed by Trounson in Australia); (2) prohibited federal funding for the development of and research on new human embryonic cell lines; and (3) placed no restrictions on the use of private, state, or local funds for hESC research purposes. Although the policy (a) offered the first unimpeded path to federal funding of research involving hESCs (the Clinton administration initiated funding requests but did not make grants) and (b) did not place restrictions on private or state-level hESC research funding, the policy constrained scientists with respect to the research materials they could use. Thus, the policy involved targeted research funding that constrained the autonomy of researchers to choose materials in projects involving federal grants.
Based on these details, the U.S. hESC policy intervention seems appropriate for evaluation in a citation-based casual framework. First, the policy applies to a specific research area in a way that may alter follow-on research that builds upon a core set of published articles-that is, the policy directly bears upon follow-on work in hESC research, but does not directly influence work on other areas of research in cell biology. In addition, the intervention was expected to be of considerable importance for hESC research, an area expected to have promising implications for medical science. Also of importance for our research design, the policy shock appears to have been exogenous. There is ample evidence of the significant uncertainty in the policy environment surrounding hESC research in the period prior to the policy decisionexacerbated by the uncertainty of the presidential elections-and the decision itself was also unexpectedly subtle and nuanced. Though the policy intervention appears suitable for analysis in our framework, it could be more ideal. The policy's nuance leaves room for interpretation of whether to consider the shock as one that provides targeted funding for some research areas or imposes funding restrictions relative to the rest of the world. The timing of the shock involves a period of uncertainty (in 2000, which we would expect to have an impact on research output in 2001) and the August 2001 policy intervention itself, which we expect to have an impact on research in the years thereafter.
Post-2001 Research Context, United States and Abroad
From the perspective of researchers with an interest in pursuing hESC research within the United States, a complex variety of options were now available. Researchers interested in pursuing hESC research using approved lines could apply for NIH and other government support to do so. And resources were now available: Of the approximately $550 million devoted to stem cell research in 2005 by the U.S. federal government, about $24 million was devoted to hESC research (Beardsley, 2005) . 10 Researchers interested in applying for NIH grants for support for research using approved hESC lines could do so; however, few of the hESCs created before August 2001 are valuable for therapeutic purposes, as the majority were contaminated by mouse embryonic feeder cultures (Martin et al., 2005) .
The policy also formally opened an avenue for interested nonfederal actors to support hESC research efforts (albeit a complex one from the perspective of funding logistics). Researchers could receive private funding for projects using either approved or nonapproved hESC lines. However, those researchers with funding for nonapproved hESC lines who also received federal support for research on approved lines were obligated to establish laboratories that were physically and organizationally distinct from one another. Not extensively documented, private funding was available to researchers from both corporate sources as well as from private philanthropic sources. For example, Thomson continued to receive funding from the private biotechnology company Geron for his hESC research at the University of Wisconsin. Moreover, soon after the 2001 policy announcement, leading institutions such as Harvard University initiated major fundraising efforts with private philanthropic donors interested in pursuing the promise of hESC research focused on specific medical applications, such as diabetes. Again, such funding had to be used carefully with strict provisions established around the comingling of funds in specific projects and in the laboratory. Precise estimates of annual private hESC research funding are difficult to obtain; based on high-profile public pledges to major universities and the support of for-profit corporations, such as Geron, it appears as if private funding of hESC research approximated that of public research in the years following the policy intervention.
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In addition to the private sources of funding described above, the policies enacted by the federal government left substantial room for both funding and policy choices at the state level. Some states (e.g., Louisiana, South Dakota, Kansas, and Nebraska) enacted restrictive policies. At one extreme, Louisiana established a complete ban on the use or destruction of embryos for any purpose and recognized embryos legally as 10 The NIH reports spending approximately $938 million on overall stem cell research in FY2008, of which $88 million was targeted for hESC research (NIH, 2011) . For the sake of relative comparison, the NIH provided $5.5 billion for cancer research, $3.5 billion for women's health, $1.4 billion for nutritional health, $400 million for depression research, $225 for sleep research, and $80 million each for research on sickle cell disease and spinal cord injury (NIH, 2011) . 11 For example, a series of institutions, including Cornell University, Harvard University, Sloan-Kettering Memorial Cancer Institute, (as well as other universities, such as Johns Hopkins, Stanford, and UCLA) have received pledges from private sources greater than $10 million each (Hughes, 2006) . "juridical persons" (Rewerski, 2007) . In general, however, restrictive state bans did not arise in states that were in a strong position to capitalize on Thomson's research and build cumulatively on the hESC agenda. States with a strong record in the life sciences were among those states that enacted more permissive policies. And, several state governments authorized funding for hESC research or facilities subsequent to the Bush administration policy announcement (California, Connecticut, Illinois, Maryland, Massachusetts, New Jersey, New York, and Wisconsin) (Vestal, 2009 (Vestal, 2007) .
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Yet a third source of resources for U.S. researchers was to seek well-funded collaborators in countries outside the United States whose policy frameworks and government funding enabled joint research on hESC projects using both "mandated" and new hESC lines. As noted above, the international research community in hESC research prior to 2001 was small with only a handful of labs having developed and sustained the expertise to isolate and maintain hESC lines. U.S. researchers therefore had a relatively thin albeit expanding research community from which to draw if they sought to find non-U.S. collaborators. Of course, with global collaboration came the need to navigate an extremely complex international policy context, to understand the global community of hESC researchers, and to find a division of labor that allowed hESC work to take place outside the United States with complementary efforts inside the U.S. labs.
In the post-2001 policy period, a number of European countries-including Austria, Ireland, and Italy-did not permit scientists to derive stem cell lines, conduct research on existing lines, or conduct research involving somatic cell nuclear transfer. Germany allowed research on existing lines, but prohibited nuclear transfer and the derivation of new lines. Countries with more permissive policies, however, included a number of leading research nations: Israel, Singapore, Sweden, and the United Kingdom, as well as some of the rapid followers such as China, Japan, and South Korea (Walters, 2004) . Indeed, nations including the U.K., Israel, and several Asian nations generally increased their commitment to hESC research and hoped to gain a comparative advantage in hESC research. However, the level of funding was highly limited compared to the (albeit limited) levels available in the United States. Although it would be attractive to explore the impact of specific national policies on country-specific hESC research output, it does not appear as if the data and phenomenon support our ability to do this, as we do not have well-defined policy interventions outside the United States (a) that involve unanticipated shocks and (b) that affect a sufficiently large segment of researchers that would enable us to identify the causal impact of national policies on hESC production. These limitations also inhibit our ability to identify the impact of the U.S. policy shock on hESC research output in individual countries other than the United States.
In the years prior to 2002 (i.e., prior to the policy shift), U.K., Germany, Australia, Japan, and Israel had the greatest number of citations to core hESC research articles. In later periods, researchers from China, South Korea, and Singapore also start to make significant contributes to the area of hESC research, in line with both growing investments in science overall, but also with their open policies towards hESC research. It is, however, important to note two additional facts about hESC research production and policy outside the United States that are particularly critical for our research design: (1) the production of hESC in countries other than the U.S. was not highly concentrated (Levine, 2005) and (2) while the policy landscape was dynamic, few countries undertook radical changes in their hESC policies contemporaneously with or as a result of the Bush policy, and there were no large-scale policy shifts synchronized across a number of countries that could be thought to interfere with our policy analysis.
Predictions Regarding the Impact of the hESC Policy Intervention
We interpret the Bush administration policy shock as involving two related elements. First, we consider the period of uncertainty around the 2000 presidential election and the period preceding the announcement of the Bush administration policy as constituting a shock relative to the expectations regarding future hESC research funding building during the Clinton administration. We expect that this shock would have a negative impact on U.S. hESC research relative to other countries that did not experience this uncertainty during this particular year. Second, we consider the implementation of the Bush administration policy beginning in August 2001 as constituting an intervention that shifted the attractiveness of hESC research in the United States (in comparison to other fields) relative to the rest of the world (i.e., making the prospect of hESC in the United States less attractive relative to the preBush period, and hence, relatively less attractive to U.S. researchers than non-U.S. researchers who did not experience a shock in this particular period). Although the policy ensured that federal funding would, indeed, be available for hESC research, we expect that the targeting of the funding to a restricted set of research materials would yield a reduced the level of participation in hESC research in the United States relative to the rest of the world, in which such research fund targeting was not enacted beginning in that period.
Specifically, in the post-August 2001 period, U.S.-based scientists were faced with relatively higher difficulty accessing particular hESC materials; thus, we anticipate that scientists faced with these constraints would be relatively less likely to participate in hESC research, a prediction in line with recent studies of the role of biological resource centers in increasing participation in research lines associated with easily accessible materials (Furman & Stern, 2011) . 13 This prediction is also consistent with recent literature emphasizing the importance of research freedom to scientists, and with earlier research that emphasizes the importance of field size and legitimacy for continued researcher commitment (Garud & Rappa, 1995) .
While our first prediction is simple in its formulation, recent studies suggest additional predictions that would highlight the factors that shape scientists' responses to the hESC intervention. Specifically, qualitative studies have countered the view that scientists are passive recipients of the organizational rules, incentives, and governance systems imposed by those who fund them, and reports have challenged the idea that scientists simply conform to any changes imposed on them. Indeed, there is evidence to suggest that the very autonomy and strong normative nature of 13 The popular press worried openly about the possible negative impact of the policy on U.S. competitiveness in hESC research (Anand & Regalado, 2002; Clark, 2001 ) and similar concerns were expressed by members of the scientific community in leading journals such as Science (Vogel, 2001 ) and the Nature journals (Fletcher, 2001; Smaglik, 2001) . the scientific community allows scientists to engage higher levels of strategic action than previously anticipated. For example, Murray (2010) recounts the response of the "mouse community," a community of scholars that employ mice in research, to Dupont's exercise of strong patent rights over mice bred with a genetic predisposition to cancer. Qualitative evidence documents mouse researchers' attempts to subvert or ignore the intrusion to their research freedom and suggests that those scientists with greater resources take higher levels of strategic action. In other words, when confronted by expanding restrictions on their use of research inputs, scientists construe these actions as intrusions on their scientific freedom and take strategic action to respond and resist, with the aim of pursuing the research paths that they perceive to be most valuable.
Accordingly, we predict that the higher status scientists, who possess greater access to both financial capital and social capital, are less likely to be affected by policy targeting. Instead, over time, they would use their resources to buffer themselves from policies that attempt to steer their research choices in a direction not of their own choosing. During the period of our analysis, new hESC research lines were perceived by scientists to have greater scientific potential, on average, than the lines approved for funding under the Bush administration. Thus, we expect that researchers with the status or other means to do so would identify ways to continue participating in hESC research efforts. Specifically, we predict that scientists at high-status universities and those with international collaborators will find strategies to circumvent the controls on research direction, and thus exhibit higher levels of research participation, lowering the impact of funding boundaries on their levels of participation in hESC research.
Taken together, our predictions suggest that the 2001 hESC policy will have a significant impact on U.S. scientists attempting to build upon the important research trajectories established in hESC research in the period from 1998 to 2000. This impact will be one of a significant decline, relative to their foreign counterparts and relative to expected trends in the globalization of research along high-impact research trajectories. In addition, we predict that there will be a differential impact on different groups of U.S. scientists, again relative to expected trends. To evaluate these questions, we use the citation-based evaluation approach outlined above.brk In the section that follows, we describe our methods paying particular attention to the development of the core set of (treated) hESC research articles and the different groups of control articles. This is essential because our results are predicated not only on capturing differences in research trajectories pre-and post-the policy intervention, but also on evaluating those differences relative to a well-defined counterfactual.
HESC POLICY EVALUATION: DESIGN, ESTIMATION, AND DATA

Research Design
Our methodological approach to evaluating the 2001 hESC policy follows the steps laid out more generally in our previous discussion of the citation-based approach. We take the core set of hESC research articles from 1998 to 2000 and use the core set of RNAi research articles during the same period as our primary counterfactual. We then implement a difference-in-differences analysis to estimate the impact of the 2001 hESC policy intervention on the trajectory of hESC research (i.e., comparing the pre-and postpolicy citation trends) relative to that of our RNAi controls for U.S. researchers. The citation-based approach we follow here differs from the publication-based and keyword-oriented approach used in prior policy evaluations of the hESC intervention. In particular, Owen-Smith and coauthors Owen-Smith & McCormick, 2006; Scott et al., 2010 Scott et al., , 2011 as well as Levine (2005 Levine ( , 2008 and Löser et al. (2009) have explored the flows of scientific knowledge in the stem cell arena tracing out the patterns of stem cell research (using keywords) over time and across geographies, thus providing important insights into the general patterns of hESC and other stem cell research overall. The methods used in these studies provide key insights into broad patterns of hESC research. In contrast, our citation-based approach focuses very explicitly on what happens to follow-on research that builds on the core hESC breakthroughs after the policy shift that changed the conditions of and incentives for these trajectories. There are clearly benefits as well as costs to the citation-based methodology in the context of the hESC policy intervention. Unlike the keyword approach, we cannot capture research that establishes entirely new and novel approaches to the production and isolation of hESCs, that is, to totally new and unconnected research lines. In other words, this approach is very poor at evaluating policy shifts that move research to entirely new fields of enquiry or to exploring individual researchers' choices of disconnected arenas. In contrast, however, we can provide a much more precise estimate of the causal impact of the policy on the hESC trajectory overall and more specifically on U.S. researchers in different types of institutions.
A core element of our research design is the identification of a plausibly exogenous shock to cumulative research in a particular trajectory. In this case, the shock involves the resolution of the 2000 U.S. presidential election and the subsequent 2001 announcement of the Bush administration's hESC funding policy. Considering this as the policy shock around which we build our analysis involves the assumption that the policy intervention constituted an exogenous shock suitable for analysis in our framework. As we described in the section on the impact of the policy intervention, we believe that the historical record suggests this to be a reasonable assumption.
14 Accordingly, we conceive of the U.S. hESC research landscape as consisting of the pre-election period, the period between the announcement of 2000 election results (in December 2000), and the period following the announcement of the Bush administration policy (in August 2001), during which the policy intervention may influence the rate and nature of cumulative hESC research efforts. Considering that the delay between research project initiation and publication is approximately six months to a year, we believe that it makes sense to consider the pre-2001 period as the "pre-intervention" period in the analysis, the year 2001 as the year in which the results of the election may have an impact on hESC publication, and the years after 2001 as the period in which the impact of the announced policy can be ascertained.
Having defined a policy intervention that may affect cumulative knowledge, the next step in applying our methodological approach involves identifying a clear control group that can help provide a counterfactual estimate of the trajectory of followon hESC research. The trajectory of research in RNAi constitutes our primary control group, although we examine two additional potential controls in our robustness checks.
14 The hESC research community had reason to expect that the Bush administration may not be as supportive of hESC research as was the Clinton administration. This was borne out by the NIH's ceasing evaluation of previously submitted hESC proposals, effectively reversing the course followed toward the end of the Clinton administration, which had announced expectations regarding funding hESC work. The resolution of the uncertainty seemed favorable relative to expectation that hESC research may be forbidden by the Bush administration. Indeed, the Bush policy mandated the first federal funding for hESC research. However, the condition that only preexisting cell lines would be eligible for federal support was interpreted by many in the scientific community as a restriction on funding for research materials relative to their expectations prior to the Bush electoral victory.
RNAi research has several important characteristics that allow it to serve as an appropriate control group. It represents a scientific breakthrough that was (a) pioneered in the United States, (b) achieved in essentially the same field and at the same time as hESC research (1998), and (c) perceived to be of similar scientific importance in 2001. Thus, hESC research and RNAi research share similarities in that both were life science breakthroughs, pioneered in the United States in 1998, and that each diffused to the rest of the world at similar rates prior to the 2001 policy intervention. It is also helpful that, unlike some other areas of research, including stem cell research involving adult stem cells or animal models, methods in RNAi and hESC are relatively independent. It is difficult for researchers to simultaneously conduct or to substitute between RNAi and hESC research and, according to our qualitative evidence, researchers do not use both methods in their laboratories. Hence, a policy shock affecting the extent and organization of U.S.-based hESC research is not likely to have a direct impact on RNAi research. Moreover, unlike hESC research, RNAi was not subject to any specific policy intervention during the time of our analysis. Based on similar considerations, Levine (2008) also argues for the suitability of RNAi as a comparison field for hESC.
The next step in implementing our approach is to link the treated and control groups with a set of reference articles that reflect core knowledge in each area. To do this for hESC research, we rely upon a sample of stem cell articles identified by the NIH report, "Stem Cells: Scientific Progress and Future Research Directions." This report was published in June 2001 and was developed to be an input into the administration's policymaking process. The report was devoted to scientific facts relevant to the policy debate, but does not appear to be a political document.
15 Importantly for our research design, the document identifies 110 articles deemed by the NIH to reflect the seminal articles in stem cell research, including papers associated with embryonic and adult stem cells derived from both human and animal models. We consider the 17 hESC articles to be our core articles-our primary treatment sample. (Of these, one article is not referenced in the Institute for Scientific Information (ISI) Web of Science dataset, so our primary hESC sample involves citations to the 16 remaining articles.) To identify the core research on which the RNAi research trajectory builds, we rely upon the list of seminal RNAi articles published by Ambion Inc., a company that manufactures and markets products related to RNAi research. The list includes 56 articles, of which 52 were published prior to or during 2001 and four of which were published in 2002. 16 While considering RNAi core articles as our primary control sample, we do examine two alternative control samples, which we include in data comparisons and in robustness checks, although we do not consider them to be ideal controls. These samples include (1) a set of matched articles appearing in the same journals at the same time as the hESC treatment articles, which we call "nearest neighbor" articles (following Furman & Stern, 2011) and (2) areas of stem cell research that involve either adult stem cells or animal stem cell models (i.e., stem cell research other than hESC). The nearest neighbor sample consists of the three articles that immediately proceed and follow each of the root hESC articles in the same year and issue of the journal in which the hESC root article was published. The nearest neighbor articles are, therefore, precisely matched with the hESC articles with respect to publication 15 The report notes in its preface, "NIH recognizes the compelling ethical and legal issues surrounding human pluripotent stem cell research. Because extensive discussions regarding these issues have been presented in various forums elsewhere, they are not part of this review of the state of the science. Also, the report does not make recommendations pertaining to the policies governing federal funding of such research" (NIH, 2001, p. II). 16 Our results are not sensitive to including or omitting the four RNAI articles published in 2002.
timing and journal. They may, however, be poorly matched with respect to scientific field; this is particularly apt to be the case for articles that appear in general interest science journals, such as Science and Nature, in which articles in life sciences may be published contiguously with articles in physics or even social sciences. The nearest neighbor articles are also less likely to be matched in scientific importance. Thus, we do not consider the nearest neighbors to be an ideal control sample, as we feel believe that it is more reasonable to rely on comparisons to another "hot" area of science like RNAi than to areas of "normal science," as these types of research may be subject to different dynamics (Kuhn, 1962) .
Stem cell research using adult or animal models (other stem cell research [OSC]) is intuitively appealing as a control group as it bears direct similarity to hESC research and because the Bush administration hESC policy did not alter funding for these areas of research. In addition, 93 seminal OSC reference articles are identified by the same NIH report from which we draw our hESC reference articles. After considerable discussion with scientific expertise, however, we decided against using OSCs as our main control group because the extent of research in this area was likely affected by the Bush administration policy in an important, though indirect, way. When researchers interested in pursuing hESC research faced a limited set of funding options and examined alternative research paths to pursue, the use of animal ESCs or adult stem cells was natural alternatives. Indeed, many laboratories at the time (and today) used a combination of stem cell methods and materials. Consequently, the 2001 policy intervention would likely yield substitution between hESC and OSC research. As a result, OSC research does not constitute an independent control that could establish a clear counterfactual to hESC research, but is more similar to another quasi-treatment group, subject to a different but related treatment.
Estimation
The final element of our research approach involves econometrically estimating the causal impact of the 2001 policy on U.S. hESC research relative to non-U.S. hESC research. The intuition behind the approach is that it draws two simultaneous comparisons. We (1) compare citations to core hESC articles from U.S.-based reprint authors (RP) vs. citations from non-U.S. reprint authors before and after the policy intervention and (2) compare these trends to differences in citations to core RNAi articles from U.S.-based and non-U.S.-based reprint authors. The comparison of U.S. to non-U.S. RNAi citations establishes a baseline relative to which we can then compare trends in U.S. and non-U.S. hESC citations. In principle, this is similar to the descriptive analysis by Levine (2008) , which compares country-level counts of citations to Thomson et al.'s (1998) seminal hESC paper with those to Fire et al.'s (1998) seminal RNAi paper, both before and after the policy intervention. The central advantages associated with using econometric analysis, rather than straightforward counts, are that the differences-in-differences techniques we employ are able to identify fine-grained trends, including year-to-year trends in relative hESC and RNAI research output, and are able to provide precise estimates (i.e., percentage increases or decreases) of the causal impact of the hESC policy intervention on postintervention output in the United States.
Estimating the impact of the policy intervention econometrically is complicated by the fact that the analysis requires two different dependent variables, one reflecting citations by U.S.-based reprint authors and another reflecting citations by non-U.S.-based reprint authors. One way to do this would be to run these models separately, including the same dependent variables in each model and then comparing the coefficients indicating the postpolicy impact on each. A drawback of this approach is that it will, necessarily, assume that the set of factors driving U.S. and non-U.S. citations is different. This makes it difficult to compare coefficients indicating the impact of the policy intervention on citations.
To overcome this difficulty, we simultaneously estimate the drivers of U.S. and non-U.S. citations in a single equation, using a single dependent variable, CITES r it , with a data structure that involves replicating the entire dataset twice by stacking the data upon itself. The top half (top stack) of the resulting dataset differs from the bottom half (bottom stack) in one key way. In the top half (stack) of the data, the variable CITES r it reflects citations generated by U.S.-based reprint authors (i.e., CITES r =U S it ), while, in the bottom half (stack), it reflects citations by papers whose reprint authors are from countries other than the United States (i.e., CITES r =Not U. S. it ). The superscript r indexes whether the data are from the "U.S. stack" or the "non-U.S. stack" of the data. The resulting dataset also includes a stack-specific dummy variable indicating that the top half is the U.S. stack and that the bottom stack is the non-U.S. stack. With these exceptions, however, the top and bottom stacks include exactly the same data. Organizing the data in this structure enables us to identify the impact of U.S. policy on citations generated by U.S.-based authors relative to the impact of these policy periods on citations generated by authors based in other countries, holding all other variables constant that simultaneously affect citations in the U.S. and the rest of the world. This approach follows that of Furman and Stern (2011) and Murray et al. (2011) .
With this data structure in place, we estimate
where the superscript r denotes the region to which the variable pertains (r = either U.S. or non-U.S., depending on the address of the article's reprint author), i indexes each article and t indexes each year, while (γ i ) is a fixed effect for each article, β t is a year effect, δ t-pubyear captures the age of the article, and HESC * and HESC * (2002 represent dummy variables equal to one for hESC articles in years 2001 and 2002 to 2007, respectively. 17 The coefficients on these variables (α 1 and α 2 ) identify the difference in follow-on research experienced by hESC core articles (both associated with U.S. and non-U.S. reprint authors) relative to the control articles during the 2001 and 2002 to 2007 time periods. The coefficients ψ 0 and ψ 1 are the central focus of our analysis. These indicate the marginal impact of the policy intervention on follow-on research in the United States relative to the rest of the world and relative to follow-on research in the control group. In other words, these coefficients indicate the additional increment or decrement to citations that hESC root articles receive in the United States relative to the rest of the world in the year of and the years subsequent to the policy intervention.
The specification includes one key parametric restriction: We estimate the reference article fixed effects (γ i ) to be equal in each stack of the data. We allow calendar year and article age fixed effects to vary by stack, however. By estimating the stacked regression, rather than estimating the drivers of CITES separately for the U.S. and non-U.S. authors, we are able to interpret ψ 0 and ψ 1 as indicators of the change in hESC article output in 2001 and the years after the policy shift relative to hESC article output in the rest of the world.
We further modify equation (1) 
and
where equation (2) (2) will allow us to understand whether the postpolicy effects are constant over time. Estimating equation (3) enables us to estimate the year-by-year effects of the policy intervention and to check for the presence of a prepolicy time trend. The former is important to understanding the dynamic consequences induced by the policy intervention-for example, whether the impact of the policy intervention occurs as a one-time change in the level of or diffusion of knowledge, whether it declines in relative terms or returns to baseline over time, or whether the policy intervention induces continuously growing effects. The latter is important, as an understanding of the prepolicy time trend can provide evidence about the exogeneity of the policy intervention itself. In addition to examining the impact of the policy intervention on the extent of follow-on research in the United States and abroad, we are also interested in whether the policy shift affected the organization of hESC research. In particular, we investigate whether the policy changes had a differential impact on elite and nonelite U.S. universities and on the geographic nature of research collaborations. To estimate the impact of policy interventions on these subpopulations, we decompose annual citation counts by each subpopulation. Specifically, in these analyses, we estimate a version of equation (2) in which we have three rather than two stacks of data. When investigating the impact of the policy shift on elite and nonelite universities, the dependent variable in the first, second, and third stacks of the data reflects citations to root articles by (a) top 25 U.S. universities, (b) nontop 25 U.S. institutions, and (c) institutions outside the United States, respectively. 18 We use this approach to investigate the impact of the policy shock on U.S. international collaboration, by estimating a version of equation (2) in which the first, second, and third stacks of the data reflect citations to root articles by (a) authors from U.S. institutions only, (b) authors from both U.S. institutions and non-U.S. institutions, and (c) authors from non-U.S. institutions only, respectively.
EMPIRICAL ANALYSIS Descriptive Statistics
Our complete dataset includes 719 root articles, of which 16 are hESC root articles, 51 are RNAi root articles, 559 are nearest neighbor articles, and the remaining 93 are other stem cell root articles. We report descriptive statistics for the root articles in Table 1 (2) as well as the United States (5). By contrast, the nearly three-quarters of the RNAi root articles include U.S.-based reprint authors. If the number of prepolicy citations to these root articles were to reflect a similar fraction of U.S.-based authors, it would imply that the prepolicy intervention RNAi and hESC samples were poorly matched. Table 2 reports bibliometric characteristics for annual citations received by our root article sample. Panel A presents the data for the entire sample, while Panel B decomposes the data by article type. On average, articles in our sample receive 17.3 citations per year, of which slightly less than half involve a U.S.-based reprint author and only a small fraction of which involve collaboration between U.S. and non-U.S. coauthors. The standard deviation in annual citations is 39.4, which highlights the extent to which these data are skewed. Similar to the root articles, the overwhelming majority of citations involve authors whose addresses can be linked to universities. A smaller fraction of the citing articles, however, is associated with reprint authors affiliated with top 25 U.S. universities. There are some noteworthy differences across article types. Whereas hESC root articles receive, on average, approximately 32 citations per year, RNAi root articles receive nearly 68 citations. In addition, RNAi articles receive more citations from U.S.-based authors. The nearest neighbor sample is the least well cited, receiving, on average, fewer than nine citations annually. This highlights the fact that the nearest neighbor articles are more representative of normal science than the RNAi or stem cells samples, each of which reflects a hot scientific field. Panels C and D of Table 2 indicate the country of origin of citing article reprint authors for the periods before 2001 and after 2001, respectively. The fraction of citations from U.S.-based authors in the preintervention period is similar in the RNAi sample, which helps alleviate the worry that the initial geographic distribution of discovery drives the subsequent geographic distribution of follow-on research. By contrast, the ratio of U.S. to non-U.S. citing articles in the RNAi sample is higher in the postintervention period than it is in the hESC sample. This fact about the raw data on citations is consistent with that found by Levine (2005 Levine ( , 2008 . In addition to the specific U.S. vs. rest-of-the-world comparisons, Panels C and D indicate the general research strength of Japan, Germany, and England in each area of science in our sample, as well as the relative strengths of Israel, China, and South Korea in hESC research and China in RNAi research. Additional evidence regarding the strength of these countries in hESC and RNAi is found in Appendix Table A1 , which documents the number of papers on which U.S. authors collaborate with authors from other countries. The strength of specific research institutions is presented in Appendix Table A2 , which lists the count of follow-on hESC by the reprint author's institutions. 20 This table highlights the strength of Johns Hopkins, Wisconsin, Harvard, Stanford, and Geron in the United States and institutions outside the United States, including Israel research organizations, such as Hebrew University, the Technion, and Rambam Medical Center, as well as Australia's Monash University, the University of Sheffield, Kyoto University, and the National University of Singapore. Figure 1 depicts the number of citing articles by broad article type and year, not distinguishing by country of origin. There is an upward trend among each of the 20 All appendices are available at the end of this article as it is appears in JPAM online. Go to the publisher's Web site and use the search engine to locate the article at http://www3.interscience.wiley.com/cgibin/jhome/34787. subsamples. With the exception of the hESC sample, the rate of follow-on publications accelerates noticeably between 1998 and 2002 (or 2003 , depending on the subsample). The raw number of nearest neighbor citations is greatest. This is not surprising, as the baseline number of nearest neighbor root articles is 400 more than that of any other subsample. Prior to 1999, the number of articles building on hESC and RNAi roots is relatively similar. Beginning in 2000, however, the extent of cumulative research in these two areas diverges appreciably, as citations to the RNAi roots rise from fewer than 1,000 in 2000 to more than 5,000 by 2004. Figure 2 reports citing articles by publication type and year for U.S. and non-U.S. reprint authors. It includes four separate graphics, one for each of our samples. Each graphic reports the number of citations to a different root article sample by papers with either (a) any U.S.-based author or (b) no U.S.-based author. In each case, the number of overall citations rises before falling in the final years of the sample. The fact that the overall number of citations declines in the final few years of each graphic is reflective of a typical citation pattern, in which root articles receive the highest number of citations in the few years after their publication (Furman & Stern, 2011) . The rate of obsolescence is of less interest in our analysis than the relative levels of U.S.-based and non-U.S.-based citations.
Publication Trends
The topmost graphic in Figure Interpreting these trends requires care and more structured analysis. In light of the relatively stable U.S. share of RNAi and nearest neighbor articles, the unambiguous relative decline of the U.S. share of hESC articles and modest relative decline in other stem cell articles may suggest that the shock to U.S. funding policy had an impact on the rate of follow-on stem cell research in the United States. Consistent with the expectation that the 2000 election created substantial uncertainty about the future of hESC research in the United States, the relative decline in U.S. hESC share begins in 2001. Consistent with the expectation that the U.S. policy did not enhance national hESC output, the relative decline appears to continue in the years after 2001 as well. In order to identify the impact of the election and policy shock precisely, however, we employ the difference-in-differences techniques we describe above.
Core Results
Our descriptive statistics suggest the importance of measuring hESC research output relative to a carefully matched comparison group. In addition, they highlight the importance of controlling for the impact of timing and root-article effects on followon research. In our regression analyses, we attend to these issues mainly by relying upon RNAi research as our control group. Thus, we derived our counterfactual estimate of the impact of U.S. hESC policy by comparing geographic trends in hESC output to those experienced by RNAi research. This seems to be an apt comparison, as both areas of research were pioneered in the United States in 1998, both by individuals at institutions of similar relative status, and both are in the same broad area of cell biology. In our robustness checks, we compared the geographic evolution in hESC research to that of research using OSC and science overall, based on a sample of nearest neighbor articles. A principal concern with using OSC as a control group is the possibility that hESC researchers could substitute into OSC research (and vice versa) . Techniques associated with research on human embryos could be applied to mouse embryos, for example. The prospect of substitution between hESC research and RNAi research is unlikely (and citations are not overlapping), however, as the techniques and materials vary greatly. The nearest neighbor articles also form a less satisfactory control group, as publications within a journal often vary in nuanced ways, even across subfields, and may have substantially different citation profiles.
We present our regression results beginning in Table 3 with a conditional fixed effects negative binomial specification in which we estimate CITES r it as the dependent variable with two stacked equations. In the top stack, CITES r=NotUS it reflects citations by papers with reprint authors in the United States in the top stack of the data; in the bottom stack, CITES r =NotU S it reflects citations by papers whose reprint authors are from countries other than the United States. We do not report the significance of tests of joint restrictions on the article fixed effects, as these are not computed in conditional fixed effects models. In addition to reporting raw coefficients and associated bootstrapped standard errors (MacKinnon, 2002) , our tables report the coefficients in our results as incidence rate ratios (IRRs), which are easily interpreted as percentage changes relative to a baseline (i.e., the null hypothesis of no effect yields a coefficient of 1.00, while a coefficient equal to 1.50 implies a 50 percent boost to forward citations).
Column ( (2002) (2003) (2004) (2005) (2006) (2007) indicate the boost (or decrement) in U.S.-based hESC output during these periods relative to research output in countries other than the United States. The magnitudes and significance levels of these coefficients imply that, relative to hESC research outside the United States, the production of follow-on research with any U.S. address declined severely beginning in 2001. Indeed, in this specification, the impact of the shock is greatest in 2001, during which research output falls by slightly more than 51 percent. In the years after the shock, the amount of hESC follow-on papers with a U.S.-based reprint author declines, on average, by 41 percent.
By estimating the average treatment effect across the years 2002 to 2007, the specification in column (3-1) masks some of the interesting dynamics associated with U.S.-based hESC research. In column (3-2), we decompose the postpolicy time period into effects associated with the years 2002 to 2003 and 2004 to 2007. In the immediate years after the implementation of the Bush administration policy, U.S.-based hESC follow-on work declines by nearly 59 percent relative to non-U.S.-based research. However, during the period 2004 to 2007, the production of hESC follow-on papers is only 29 percent lower in the U.S. than the rest of the world. We consider this dual finding-that is of initial relative decline in U.S. hESC research output followed by a research rebound-to be one of the core findings of our analysis. Specifically, suggests that the impact of the Bush administration hESC was greatest in the first few years after its announcement and implementation, but that U.S. hESC output began to recover beginning in 2004, only a few years after the policy was enacted. Although some state funding did begin to support hESC research in the U.S. during the 2004 to 2007 period, little of it had arrived by the time that the rebound had begun.
We explore the year-to-year dynamics of the relative decline and partial rebound in U.S. hESC research output in the analysis in column (3-3) and turn thereafter to an examination of some of the mechanisms of the recovery. Specifically, in column (3-3), we estimate a more flexible specification, in which we report year-by-year effects both for all hESC articles (relative to RNAi articles) and U.S.-based hESC articles (relative to articles produced outside the United States). Figure 3 . These results paint a picture that suggests that U.S. hESC research output experienced a substantial decline relative to its potential in the year in which the Bush administration policy was enacted and the two that followed. However, this decline is followed by what appears to be a steady rebound that continues until the final year of our data, 2007.
In Table 4 , we show whether these results are an artifact of our particular sample and means of classifying national origin. Column (4-1) replicates the analysis of column (3-2), using an alternative measure of location in which citing articles are considered to be U.S. based if any address in the list of author affiliations is based (2) reports the result of the same specification as column (3-2), again using reprint author to identify the location of the paper; however, rather than comparing hESC output to the RNAi controls, the nearest neighbor articles are substituted for the controls. The positive and significant coefficients on the HESC * YEAR variables suggest that hESC root articles received 59 percent, 92 percent, and 160 percent more citations in 2001, 2002 to 2003, and 2004 to 2007 than did their nearest neighbor root articles, thus confirming that hESC research was a hot research area relative to normal science. The coefficients on US * HESC * YEAR compare the output of follow-on hESC articles in the United States to those outside the United States, relative to geographic trends in citations to the nearest neighbor articles. These results are similar to those found using the RNAi control sample. Once again, U.S. hESC output experiences a relative decline in 2001 and 2002 to 2003, but rebounds from 2004 to 2007 . The comparisons of U.S. to non-U.S. output of hESC articles, RNAi articles, and nearest neighbor articles are consistent with a general phenomenon in which the global concentration of science is declining, as countries other than the United States increase their relative investments in scientific research. The pattern is different, however, in column (4-3), in which the control sample consists of OSC root articles. hESC research is neither especially hot nor especially cold in comparison to OSC research and the policy shift does not appear to affect one to a significantly greater degree than the other, with the exception that U.S. hESC output declines in 2002 and 2003. Although we believe that the comparison of hESC and OSC output is illustrative, we do not believe that OSC forms a suitable control sample for hESC research, as it is relatively easy for researchers to substitute from hESC research into OSC research (and vice versa).
Mechanisms of Response and Sources of the Rebound
Our analyses thus far have focused on identifying the extent of U.S.-based hESC research during various U.S. policy environments. In Figures 4 and 5, we examine changes in the nature of U.S.-based hESC research, highlighting mechanisms that may partially explain the relative rebound in U.S. hESC output in the latter years of our sample. Specifically, Figure 4 investigates the relative impact of the policy shift on elite U.S. universities relative to other institutions, while Figure 5 investigates the impact of the policy shift on various types of research collaborations. These results are consistent with interview-based evidence we have assembled, which suggests that the constraints applied by the Bush administration policy were more likely to be binding for those institutions for which federal funding was a Figure 5 reports the results of conditional fixed negative binomial regressions of the type reported in model (3-3), which contains three stacks of the data reflecting citations by papers with papers with (a) only U.S. authors, (b) papers with U.S. and Non-U.S. authors, and (c) papers with no U.S. authors. Specifically, the figure reports incident rate ratios for year-specific variables reflecting hESC*(U.S. only authors) and hESC*(U.S. and non-U.S. collaboration). The regressions also include unreported constant, hESC*YearFEs stack-specific year FEs, stack FEs, article age FEs, and article FEs.
relatively more important source of funding, whereas those institutions that found it easy to obtain private funding were less negatively impacted by the policy. Consider the Harvard Stem Cell Institute (HSCI) as an example of the type of research possible at elite institutions without federal funds. Harvard University established the HSCI in 2004, incorporating researchers and practitioners from Harvard's various colleges and affiliated hospitals. In 2005, the HSCI had begun to disperse nearly $1.8 million in research grants (HSCI, 2005) ; by 2006, the HSCI had received approximately $50 million in donor support (HSCI, 2006) ; and in 2009, it dispersed $15.6 million in research funds, including some funds included in a five-year, $25 million targeted research grant from GlaxoSmithKline (HSCI, 2009). HSCI research on hESCs is rigorously kept physically and organizationally separate from research supported by federal funds (Dreifus, 2006) , and several Harvard faculty maintain distinct laboratories for their hESC work. It does appear to have taken a few years, however, for elite scholars and institutions, like Harvard, to attract substantial private research funds and to have generated the infrastructure necessary to ensure compliance with federal policies and begin to produce frontier research. Moreover, the extent to which such substitution is possible may be limited both to a select set of institutions and to particular scientific fields, like hESC research, which are relatively small in comparison to other fields.
We examined an additional mechanism by which U.S.-based hESC researchers may have responded to the policy shock in Figure 5 . Specifically, Figure 5 compares follow-on research across three collaboration location types: (1) papers with only U.S. authors, (2) papers with U.S. and non-U.S. authors (i.e., those with international collaboration), and (3) papers with no U.S. authors. The results suggest that the output of papers with only U.S.-based authors declined more significantly than those of the other types following the policy shock. The relative output of hESC papers involving collaboration between U.S. and non-U.S. authors declined significantly in the year of the policy shock (2001), but were unaffected by the policy shock thereafter. This is a particularly interesting mechanism of response by the U.S. hESC community, which suggests that international scientific networks may help mitigate the impact of any one nation's policies. The result is also consistent with the expectations of Garud and Rappa (1995) who propose that collaborations will play a role in shaping researcher commitment to a particular research area. Taken together, these results are consistent with an explanation in which researchers (possibly those at more resource-constrained institutions) in the United States collaborate with scientists outside the United States who may have less complex and better access to resources.
DISCUSSION
This paper presents a detailed analysis of the impact of the 2001 U.S. HESC Policy on the relative output of U.S. research building on seminal discoveries in hESC research. Our results suggest that U.S. hESC research output experienced a statistically significant and quantitatively meaningful decline relative to hESC research output in the rest of the world, when comparing to the trend anticipated by the relative U.S. share of RNAi research output. The relative decline in U.S. hESC output is most severe in 2001, the year in which the uncertainty about U.S. federal funding policy was resolved.
The extent to which the observed patterns of U.S. activity in stem cell research output are a direct consequence of the targeted funding policy per se or whether other unobservable factors affected U.S. hESC research beginning in 2001 is open to interpretation. It is possible that uncertainty surrounding the 2001 policy, rather than the policy itself, may have discouraged research efforts during the early 2000s. The data make clear that the hESC policy environment (i.e., both the uncertainty and the policy), strongly influenced U.S. hESC research output relative to what would have been expected given the experience of RNAi. While our results are consistent with the observation that scientific and technical capabilities are increasingly globalized (Furman & Hayes, 2004) , our analysis suggests that U.S. policies can accelerate the globalization of science if they employ funding targets that are inconsistent with the preferences of research scientists or place constraints on research autonomy within the United States.
Considering the limited support for U.S. hESC research and the much more explicitly supportive policy environments of a number of other countries, including South Korea, Singapore, and Israel, perhaps the biggest surprise in our results is the long-term robustness of the United States hESC research community to system perturbations. We thus interpret our overall findings as consistent with a picture in which the national-level institutions that support scientific competitiveness and scientific autonomy are robust and relatively enduring. Overall, once scientists' willingness to find alternative mechanisms to pursue their chosen paths is taken into account, the impact of the Bush administration targeting may be of second order importance relative to issues such as the extent of overall funding. 21 21 We are grateful to Paula Stephan for pointing this out in careful discussant commentary on this paper.
By considering how the research trajectories of the U.S. scientific community responded to the complex policy context for hESC research in the 2001 (and earlier) period, our paper provides the first causal assessment of this highly controversial public policy (reversed in 2009 by order of the Obama administration, subject to continued legal deliberation). Our evaluation of this changing policy environment addresses and clarifies a series of debates among policymakers, including those who consider science policy in the context of national competitiveness (Jaffe, 2006; Marburger, 2005) . Specifically, it provides insight into the degree to which national funding agencies (as well as those operating at the state level or in the private sector) can shape overall participation in a particular research trajectory, alter the composition of researchers in a particular research area, or affect the nature of collaboration in a field. Our results suggest that scientists exhibit considerable agency with regard to maintaining their research direction, thus implicitly raising questions as to the relative power of funders to shape the national research portfolio (Gans & Murray, 2012) .
A further contribution of our paper is to exemplify recent developments in science policy evaluation, often referred to as the "Science of Science Innovation Policy." By developing this paper as both an empirical exercise in its own right and a primer on the citation-based approach to policy evaluation, we hope to have an impact on a range of scholars in the science policy community. Our analysis illustrates the benefits of the citation-based approach, while highlighting the difficulties associated with science policy evaluation, even using these advanced econometric techniques. At the core of the challenges is the ability to define a clear policy intervention, assess its likely impact on the scientific community, find appropriate measures of scientific activities in the pre and postperiod, and define a clear counterfactual. The citationbased approach provides a clear framework within which to undertake such as analysis. However, it is also limited in that it focuses specifically on having a precise understanding of the nature of the policy intervention and on examining the impact of the intervention on research trajectories. As we have shown in our earlier work (e.g., Furman & Stern, 2011; Furman, Jensen, & Murray, 2012; Murray & Stern, 2007) , this approach is most powerfully applied to institutional and policy changes that are tightly coupled to specific research paths and research areas. Broadening to the more complex hESC policy is at once an opportunity and a challenge. The messy hESC situation imposes limits on the precision with which we can interpret the results of our analysis. Nonetheless, the approach provides complementary insights to the work of others in the hESC area who have focused on tracing out the activities of specific scientists, particular research areas, or key research materials.
Lastly, and most broadly, our analysis of the stem cell policy environment illuminates some critical issues in the microeconomic and institutional foundations of scientific progress (Mokyr, 2002) . Although open science is widely recognized to play a fundamental role in the production of fundamental knowledge (Dasgupta & David, 1994; David, 1998 David, , 2001 David, , 2008 Merton, 1973; Stephan, 1996) , few formal analyses support our understanding of the impact of specific and often subtle policies and practices on scientific progress. Beyond simple determination of the level of participation, our analysis suggests that policies may have important, though unintended, distributional consequences: For example, policies may have an impact on national scientific advantage by changing the degree to which researchers engage in a particular trajectory relative to the rest of the world. Our findings also remind us that scientific progress takes place in an increasingly globalized context, with scientists (particularly at elite universities) strategically acting to select international scientific collaborators from where policies may be less restrictive. This underscores the unintended consequences of implementing national policies in the context of the global scientific community. Management, 595 Commonwealth Avenue, No. 653a, Boston, MA 02215 
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